 RVOT arrhythmias. (Cardiol J 2014; 21, 3: 284-292) 
Introduction
Arrhythmia QRS morphology in patients with ventricular arrhythmias and no structural heart disease is connected with the localization of the arrhythmogenic focus [1] [2] [3] [4] [5] . The electrocardiographic (ECG) pattern of right ventricular outflow tract (RVOT) arrhythmias is typical and easily recognizable. In precordial leads those arrhythmias have left bundle branch block morphology (rS or QS waves in leads V 1 -V 3 ) with inferior QRS axis in limb leads.
Endocardial mapping in patients with RVOT arrhythmias may be prolonged by extended step-Mariusz Pytkowski et al., ECG and arrhythmia focus localization in RVOT -by-step mapping of the relatively large RVOT area, so the preliminary localization of RVOT arrhythmogenic focus before radiofrequency catheter ablation (RFCA) is helpful and can shorten and simplify the ablation procedure. The basis of existing algorithms for RVOT arrhythmogenic foci localization is provided by studies on the comparative analysis of paced QRS complexes electrogram morphologies recorded during electrophysiology study (EPS) in certain RVOT regions [6] [7] [8] . During EPS additional ECG filters are often used. At the same time ECG electrodes placement (limb and precordial leads) differs from standards for 12-lead ECG (Fig. 1 ) [9, 10] . This causes differences in QRS morphology and can lead to misinterpretations and mistakes in arrhythmogenic foci localizations on the basis of spontaneous arrhythmia 12-lead ECG recordings, which are typically included in the patient's medical records. To avoid such problems an algorithm for RVOT arrhythmia foci localization based on spontaneous 12-lead QRS morphology was designed [11] . The aim of this single center prospective observational study was to evaluate the clinical value of our ECG algorithm for arrhythmogenic foci localization in RVOT.
Methods

Patient group
To begin with, from March 1998 to December 2001, 16 patients (14 women) with a mean age of 37 ± 11.2 years with RVOT arrhythmias were scheduled for ablation. Six out of the 16 patients had monomorphic ventricular tachycardia (VT) defined as 3 or more consecutive ventricular complexes, the remaining 10 patients suffered from frequent, resistant to antiarrhythmic drugs premature ventricular contractions (PVC). After the successful elimination of their arrhythmogenic foci an algorithm based on spontaneous arrhythmia QRS morphology was created to localize the arrhythmogenic foci in the RVOT.
In the next step validation of previously constructed algorithm was planned. From January 2002 to October 2010, 96 consecutive patients (72 women) in the mean age 43.6 ± 13.5 years, with normal heart ventricular arrhythmias were scheduled for transcatheter ablation. Clinical arrhythmias recorded in surface ECG showed QRS morphologies characteristic for arrhythmia arising from ventricular outflow tracts. From this group in 15 patients left ventricular outflow tract (LVOT) foci were highly possible on the basis of accepted ECG criteria. Finally, 81 patients with arrhythmia ECG morphology suggesting RVOT foci were included: inferior or normal axis in limb leads, left bundle branch morphology in precordial leads with negative QRS complex in V 1 and V 2 . In 32 out of 81 patients with an early transition from negative to positive arrhythmia QRS in precordial leads (r < S or r = s in V 2 and R(r) ≥ S(s) in V 3 ) RVOT or out of RVOT foci localization were considered. Forty one patients had monomorphic VT. PVC with frequent periods of bigeminy and trigeminy were the only indication for transcatheter ablation in the remaining 40 patients. In all patients no structural abnormalities were found in a physical examination, 12-lead ECG during sinus rhythm and echocardiography. In the first 50 patients from this series, coronary angiography was performed in male patients older than 40, female patients older than 55 with no coronary artery stenosis or other coronary artery or heart malformation found. 
Study design
The study protocol was approved by the institutional ethics committee and was in full compliance with the Declaration of Helsinki. An original algorithm created on the basis of spontaneous arrhythmia QRS morphology analysis in patients with RVOT arrhythmias was tested prospectively on 81 patients to assess its accuracy in predicting the 1 from 9 RVOT zones as the optimal site for transcatheter ablation in RVOT. The analysis of spontaneous arrhythmia QRS morphology was carried out supposing that during the ablation procedure some of our patients would have arrhythmogenic foci outside RVOT: in LVOT including sinuses of Valsalva, at the pulmonary trunk or other epicardial localizations. The prediction of the RVOT arrhythmia localization was made by one of the investigators prior to EPS and ablation.
Electrophysiological testing and ablation
EPS and ablation were performed after obtaining written informed consents. An EP testing, mapping and transcatheter ablation procedures were concordant with previously presented EP/ /RFCA protocol [12] .
The total efficacy of the procedure was defined as the complete elimination of both spontaneous and induced arrhythmias of the morphology identical with that of clinical arrhythmia. Residual arrhythmia was defined as £ 300 PVC/24 h. During the long-term follow-up symptomatic recurrences of arrhythmia, as well as standard ECG and 24-h ECG Holter monitoring were analyzed.
Presentation of ECG algorithm to localize arrhythmogenic focus in patients with RVOT arrhythmias
Analysis was performed on the basis of arrhythmia QRS morphology recorded in surface 12-lead ECG. The QRS deflections were coded in upper case letters when their amplitude was ≥ 0.5 mV and in lower cases letters (q, r, s) when QRS wave amplitude was smaller than 0.5 mV. Deflections with amplitude of 0.1 mV were considered. The transitional zone in precordial leads was defined as a shift from negative to positive QRS polarity in 2 consecutive precordial leads (e.g. transition from QS(qs) or r < S in V 3 to R(r) or R > s in V 4 ). In the same way the transitional zone in precordial leads was also defined as r(R) = s(S) in certain leads (e.g. V 4 ) with negative QRS polarity in the preceding lead (V 3 ) and positive QRS polarity in the following lead (V 5 ). RVOT free wall sites were recognized in patients with RR' arrhythmia QRS morphology pattern in inferior ECG leads: II, III and aVF, and there coexisted lower R wave amplitudes in those leads. On the basis of arrhythmia QRS morphology differences in limb lead I RVOT were divided into 3 vertical zones: 1, 2 and 3 ( Fig. 2) . Zone 3 is located in the anterior part of RVOT, zone 1 in the posterior part of RVOT and zone 2 in the middle part of RVOT between zones 1 and 3. Horizontal RVOT zones were formed on the basis of transition from negative arrhythmia QRS polarity to positive arrhythmia QRS polarity in precordial leads ( 
Predicting sites of successful ablation of arrhythmogenic focus in RVOT on the basis of own algorithm
Spontaneous arrhythmia QRS morphologies were recorded and our ECG algorithm was implemented to localize RVOT arrhythmogenic focus in certain RVOT zones before ablation: septal and free wall. Those results were compared and were matched with sites of successful ablation. In patients with an early arrhythmia recurrence the last site of RF application that eliminated permanently RVOT arrhythmia was considered for further evaluation.
Follow-up
After the ablation procedure, before hospital discharge, 24 h ECG Holter was performed in all patients. During the follow-up at our cardiology clinic all patients were asked to undergo repeated 24-h Holter and 12-lead standard ECG at a 3-month visit after ablation. Sixty seven patients completed 3-month follow-up visits at our outpatient clinic. The remaining 14 patients were interviewed by telephone and sent their 12-lead ECG and summaries of 24-h Holter recordings by fax. The next follow-up visit was made in medium and long term follow-ups from 9 to 26 months after the ablation procedure and this was possible in 63 out of the 81 patients (50 from 62 patients after transcatheter ablation in RVOT).
Statistical analysis
Statistical analyses were performed with SAS 9.2 Statistical Package. We calculated sensitivity, specificity, positive predictive values (PPV) and negative predictive values (NPV).
Recording of algorithm accuracy: sensitivity is defined as the percentage of patients with successful ablation in a certain RVOT zone in whom preablation evaluation by ECG algorithm revealed the same RVOT zone as the site of arrhythmogenic focus. Specificity is defined as the percentage of patients in whom certain RVOT zones were excluded in EPS and ablation and at the same time those RVOT zones were excluded in preablation evaluation by ECG algorithm. PPV represents the percentage of subjects with certain RVOT zones in ECG algorithm that were confirmed by successful ablation in the same RVOT zones. NPV represents the percentage of subjects in whom ECG algorithm excluded certain RVOT zones before RFCA, and that was confirmed during the EPS/ablation.
Results
Transcatheter ablation
Procedural success defined as complete elimination of clinical arrhythmia was achieved in 78 out of 81 patients. Ablation was not successful in 3 out of 32 patients with r < S or r = s in V 2 and R(r) ≥ S(s) in V 3 , in whom RVOT or out of RVOT localizations were considered before RFCA. In this group RVOT foci were confirmed and eliminated in 13 patients. In 16 patients from this group LVOT foci were found and ablated and those patients were excluded from analysis. In the remaining 49 patients with arrhythmia QRS morphology indicating RVOT localization, successful ablation confirmed RVOT foci in all patients. Finally, 62 patients (45 women) with RVOT arrhythmias were evaluated. In 55 (88.7%) patients septal arrhythmogenic foci were ablated, in the remaining 7 (11.3%) patients arrhythmogenic foci were located in RVOT free wall (Fig. 5) . Three patients from this group needed repeated ablation in RVOT due to symptoms recurrence confirmed by 24-h Holter monitoring in the first and third weeks after an initially successful RF ablation procedure. In these patients, repeated ablation in the same RVOT zones permanently eliminated the targeted arrhythmias. No complications related to RFCA were observed except for small local hematoma after right femoral artery puncture in 2 patients and after femoral veins puncture in 3 other patients. During ambulatory visits and transtelephonic contacts all patients were encouraged to contact with our center if the symptoms related to those experienced before ablation returned. Nobody from this group of patients claimed the symptoms recurrence after their last follow-up visit.
Prospective evaluation of previously designed algorithm
Arrhythmia QRS morphologies were recorded before ablation. Localization of arrhythmogenic foci, on the basis of our ECG algorithm and fluoroscopic (sites of RF ablations) localizations, lies in the same zones in 57 out of 62 patients (92%). The differences were seen only in vertical RVOT zones (5 patients with septal arrhythmogenic foci). In 2 patients: no. 14 and no. 39 ECG algorithm localized the arrhythmogenic focus in zone 1 superior (r wave in lead I; transitional zone in precordial leads V 3 -V 4 ) but the successful RF application was applied in zone 2 superior. In 1 patient (no. 58) ECG algorithm localized the arrhythmogenic focus in zone 3 superior (qs wave in lead I; transitional zone in precordial leads V 3 -V 4 ) but the successful RF application was applied in zone 2 superior. In patient no. 42 an algorithm localization was 2 intermediate zone (rs in lead I with r = s in lead V 4 ) but the ablation was made in 3 intermediate zone.
In patient no. 17 an algorithm localized the arrhythmogenic focus in zone 1 inferior (r wave in lead I; transitional zone in precordial leads V 4 -V 6 ), but the ablation zone was 2 inferior. Full concordance was noted in ECG and fluoroscopic localizations 
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of arrhythmogenic foci in horizontal zones. In 7 patients with free wall RVOT arrhythmogenic foci RVOT zones indicated by the algorithm were concordant with RF sites (Fig. 6 ).
Algorithm validation. Sensitivity, specificity, positive and negative predictive values
Arrhythmogenic foci in RVOT were located in superior aspect of RVOT (zones 1 superior, 2 superior and 3 superior) in 44 out of 62 patients (71%). In the remaining 18 patients RVOT arrhythmogenic foci were located in medial and inferior part of RVOT septum and free wall (Fig. 6) . Overall sensitivity for our algorithm was 91.3%, specificity 99%, PPV 91% and NPV 98.8%. In addition, analysis of sensitivity, specificity, PPV and NPV were calculated for all 9 RVOT zones: septal and free wall. Sensitivity values for superior RVOT aspect varied from 88% to 100%, specificity from 95.9% to 100%; PPV from 85.7% to 100%, NPV from 92.5% to 100%. Although the total number of patients was relatively small, in the 2 remaining RVOT aspects (intermediate and inferior zones) high values were gained for those parts of RVOT: sensitivity values varied from 66.7% to 100%, specificity from 98.3% to 100%; PPV from 66.7% to 100%, NPV from 98.3% to 100% (Table 1) . Using accepted criteria we were able to present simple algorithm for normal heart ventricular arrhythmias analysis differentiating between RVOT and out--of RVOT arrhythmia localizations with detailed localization of RVOT arrhythmogenic foci in 1 of 9 RVOT zones (Fig. 7) .
Discussion
Among a large group of arrhythmias with ECG bundle branch block pattern, those originating in RVOT can be the target for catheter ablation with procedure effectiveness of 90-95% [2, [13] [14] [15] [16] . Arrhythmogenic focus in RVOT is located in the majority of patients on the anterior or antero-lateral wall of sub-pulmonary valve right ventricular region [8, 15] . Up to 34% of arrhythmogenic foci are located in the RVOT free wall [15] . The size of the septal part of RVOT is about 10 cm 2 while focus size does not exceed a few square mm [17] . Thus mapping of the region without any earlier ECG-guided suggestions on arrhythmogenic focus localization may cause longer procedure and fluoroscopy times. There are 2 strategies to ablate RVOT arrhythmias. The first one is based on classic EP analysis with utilization of available ECG algorithms to localize arrhythmogenic focus [6, 8] . The second strategy utilizes 3-dimensional (3D) mapping as 3D navigation systems, noncontact arrays and multielectrode basket catheters, to localize arrhythmogenic focus in RVOT [18, 19] .
The majority of ECG algorithms for localization of arrhythmogenic focus in RVOT are based on differences of the paced QRS complex in various sites of RVOT [4, 6, 20, 21] . Algorithms by Jadonath et al. [6] , modified by Movsovitz et al. [8] , were based on paced ECG analysis and classic EP mapping techniques. Algorithms by Dixit et al. [4] and Zhang et al. [18] utilized 3D mapping and paced QRS morphology analysis.
On the basis of a critical review of existing ECG algorithms based on pace mapping, constructed by Marchlinski's group, our own algorithm, based on arrhythmia QRS morphology, was designed in the years 1999-2001 and evaluated in a prospective study between 2002 and 2010 [4, 6, 8, 11] . The first algorithm from this author's group, constructed by Jadonath et al. [6] , utilized pace mapping to show paced QRS morphology changes in various parts of RVOT in 11 patients with ventricular and supraventricular tachyarrhythmias. Following analyses made by Movsovitz, Garstenfeld and Dixit, introduced corrections to algorithm presented by Jadonath et al. [6] . A detailed analysis of those papers revealed that they were mostly retrospective, based on a relatively small number of patients. ECG signals analyzed by those authors were gained in EP Lab settings with nonstandard surface ECG leads positions and the application of additional filters [4, 5, 8] . Zhang et al. [18] published their own RVOT algorithm based on 3D mapping and QRS morphology analysis. Elaboration of the algorithm was based on retrospective analysis of 39 patients with RVOT arrhythmias and evaluation was made in the prospective study on 13 patients. Zhang et al. [18] used 3D mapping with utilization of Ensite system with noncontact array. At the same time, they used ECG obtained during EPS and ablation with all possible consequences mentioned above. Joshi et al. [15] presented a detailed analysis of all mapping techniques applied for RVOT arrhythmias. They confirmed our own and other authors' findings that "the vast majority of RVOT VT, both septal and free wall, originates from myocardium within 1-2 cm beneath the pulmonary valve". At the same time, a relatively large RVOT area depolarized in the first few milliseconds of ectopic activity, proving a limited value of 3D mapping in RVOT arrhythmias [17] .
All presented papers were based on retrospective data analysis and relatively small groups of patients in prospective analysis. In only 1 paper, by Shima et al. [21] , spontaneous arrhythmias were analyzed in 10 patients with RVOT arrhythmias. In that study, spontaneous arrhythmia ECGs were recorded during EPS with QRS complex morphology changes due to differences in standards of ambulatory 12-lead ECG which can lead to different conclusions. Only part of Shima's patients' group [21] underwent successful catheter ablation, so the real value of his data may be questioned.
Due to using originally recorded arrhythmia morphologies in 12-lead ECG we were able to avoid differences and artifacts caused by pacing during pace mapping, other ECG electrode placing on the patient's body during the EPS and ablation and using filters during the EPS (Fig. 1) . The target site marked by our algorithm was con- firmed by successfully applied RF current with arrhythmogenic focus elimination in septal and free wall RVOT sites. Our observations concerning limb lead I importance in localization of the arrhythmogenic focus in vertical plane of RVOT are very similar to those made by Movsovitz et al. [8] . We postulate the crucial role of the transitional zone in precordial leads in the prediction of arrhythmogenic focus localization in the horizontal plane of RVOT. We did not see very high R waves in lead V 3 presented by Movsovitz et al. [8] at subpulmonic RVOT zone. We can speculate that those tall R waves were probably caused by the higher placing of ECG precordial leads during EPS and ablation. Although our RVOT horizontal zones are different in size, we used the RVOT division proposed by Jadonath et al. [15] and accepted by other authors [4, 6, 8] . The group of patients in our prospective analysis was sufficiently large enough to provide analysis of sensitivity, specificity, PPV and NPV separate for each RVOT segment of our ECG algorithm. The high value of our algorithm was confirmed by statistical values of overall sensitivity of 91% and specificity of 99% as statistical analysis of all RVOT zones. A high concordance of ECG algorithm locations and sites of successful ablation of RVOT arrhythmias legitimate the use of this algorithm in the process of pre-ablation target site analysis.
Limitations of the study
The intention of our group was to build an algorithm focused on RVOT. Therefore, other criteria and other algorithms should be applied to discriminate RVOT from outside RVOT arrhythmogenic foci [2, 3, 15, 22] . As in other authors' series, in our analysis the majority of RVOT foci were located in the subpulmonary RVOT region. So, arrhythmogenic foci in other parts of RVOT, septal and free wall, are in the minority. In significant proportion of patients with outflow tracts ventricular arrhythmias an early transition from negative to positive arrhythmia QRS complex in precordial leads (r < S or r = s in V 2 and R(r) ≥ S(s) in V 3 ) can be found. Previous RVOT algorithms did not deal with those patients in whom several arrhythmogenic foci localizations are possible. Nearly 50% of them will be localized in RVOT, single in pulmonary trunk but significant proportion of those patients would be ablated from epicardial sites: can be reached from sinuses of Valsalva, via the coronary venous system (great cardiac vein and interventricular vein) or via the epicardium (epicardial puncture) [22] . We believe that using our algorithm in this specific group of patients' clinicians will get a message before ablation that they should be prepared for a much more complicated procedure, so they can avoid confusion concerning arrhythmogenic focus location during the procedure. Our study was made with classic EP techniques. Knowing the superiorities of 3D navigation system over the classic EP techniques we conclude that it is our study limitation.
Conclusions
On the basis of spontaneous arrhythmia QRS analysis novel algorithm was built for preablation localization of RVOT arrhythmia in 1 of 9 RVOT zones. Prospective analysis of our ECG algorithm confirmed that it is a valuable tool to predict the site of transcatheter ablation in patients with RVOT arrhythmias.
